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CHAPTER I
'
.
INTRODUCTION
Zone refining is based on the fact that the solubility
of a solute in a liquid solution will be different than its
solubility in a solid solution. The ratio of the solute con-
centration in the solid solution to its concentration in the
liquid is defined as the distribution coefficient. Thus,
1) k « c s / Ci
where k is the distribution coefficient and Cs and Ci are the
solute concentrations in the solid and liquid states. When
a molten zone traverses a two-component solid solution, the
material recrystallizing at the trailing interface will have
a concentration C s equal to the distribution coefficient
times the solute concentration of the molten zone. For values
of the distribution coefficient other than unity, the solute
will become increasingly segregated toward one end of the
sample tube with increasing numbers of passes of the molten
zone •
The usefulness of zone melting as a purification tool
became apparent with the appearance of a paper published by
Pfann in 1952. 1 Originally, zone refining was established
as a means of purifying metals such as silicon and germanium.
In succeeding years it has been found useful in the purification
2 3
of hundreds of organic compounds.
2
As a polymer fractionation technique, zone refining
requires the existence of a functional dependence of molecular
weight on the distribution coefficient, k. For a bulk polymer
system, the distribution coefficient of an individual polymer
molecule must be defined relative to some other polymer mol-
ecule, Molecules whose k values differ greatly from unity
Will be more easily separated from the reference molecule than
molecules whose distribution coefficients are near unity. By
repeatedly passing a molten zone along the length of the
sample, a molecular weight gradient with respect to distance
along the sample charge will be established.
In reviewing past work with regard to polymer fraction-
ation several different techniques have been observed. Among
these are zone melting, normal freezing, zone chromatography,
and zone precipitation. Since these techniques have been
found to be of use in polymer fractionation, a brief descrip-
tion of each is presented below.
Normal freezing is achieved by charging a sample tube
with a solute in solution and then slowly freezing the sample
from one end. An equation for the solute distribution in the
frozen solid as a function of the fraction of charge solidified
is presented by Pfann *
2) C = k C 0 ( 1 - g )
k-1
where C is the solid concentration at the point where a
fraction of the charge. is solidified, k is the distribution
3coefficient, and g is the fraction of charge solidified. The
equation may be rearranged to give
3) In C/C 0 = In k + (k-1) In (1-g)
Thus, by experimentally constructing a plot of In c/c 0 versus
In (1-g) a straight line of slope (k-1) and intercept In k
will be obtained. Normal freezing can therefore be used to
determine distribution coefficients for a particular two-
component system. Loconti and Cahill used this method to
obtain distribution coefficients for the polystyrene-benzene
system.
5
In zone melting a two-component solid solution, a molten
zone is passed through the system resulting in a redistribution
of solute species. The general equation for one pass is given
by Pfann6
4) C/C 0 = 1 - (1 -k) "Ww
where x is the distance from the beginning of the sample and
w is the width of the molten zone. This equation is valid
for all distances along the sample length with the exception
of the last zone length where the rise is the solute concen-
tration is due to a decrease in the zone width.
The real advantage of zone melting results when more
than one pass is used. Each succeeding pass of the molten
zone tends to further redistribute the solute toward one end
of the sample charge. The mathematical interpretation of
h
multipass zone melting becomes quite complicated. The
equations for this system were derived independently by
Reiss' and Lord. The basic differential equation describing
the multipass system is given by
5) 1/k dCn (x) = [(cn - l)(x + 1) - Cn (x)] dx
where n represents the n1^ pass and x is the distance
along the sample charge.
In applying zone chromatography to the problem of polymer
fractionation the sample to be fractionated is placed at some
discrete point in a column of solid solvent. Due to the
distribution coefficients dependence on molecular weight,
each polymer molecule will migrate along the column at
different rates as the molten zone is passed through it.
After a number of passes the species are separated into dis-
crete fractions. The number of passes required to separate
two solute species by zone chromatography is given by Pfann
as^
6) N « [l + (k2Ai)] / [l - (k2/kir
where N is the number of passes and k2Al is the ratio of
distribution coefficients for the two species. As the ratio
of k2Al approaches unity, the number of passes required
approaches infinity. It should be noted that for a system
in which both components migrate in the same direction an
optimum number of passes exists. If the process were to
proceed indefinitely, both components would eventually
5migrate to one end of the sample. The most desirable system
would be one in which the two components migrated in opposite
directions.
The technique of zone precipitation differs from zone
chromatography in that the solutes to be separated are placed
in a solvent to form a gel. It is this gel-like mixture
which is then submitted to zone melting. In this system the
most soluble component will migrate at the fastest rate in
the direction of the molten zone. Conversely, the least-
soluble component will be the first solids precipitated.
The dependence of the distribution coefficient on the
molecular weight of a linear polymer has been demonstrated by
the work of Peaker and Robb, 10 Loconti and Cahill, 11 and
Ruskin and Parravano12 using dilute solutions of polystyrene
in various solvents. Loconti and Cahill, employing the
normal freezing technique-^ v/ith benzene as solvent, found a
linear relationship between molecular weight and the distri-
bution coefficient over a molecular weight range of 100,000
to 400,000. The value of the distribution coefficient ranged
from 0.05 at a molecular weight of 100,000 to a value of
approximately 0.30 at a molecular weight of Zf.00,000. For a
dilute solution of polystyrene in cyclohexane, Ruskin and
Parravano reported an exponential increase in the distribution
coefficient with increasing molecular weights to 267,000.
• That the value of the distribution coefficient is a time
dependent phenomenon has been demonstrated by Loconti and
6
Cahill and Ruskin and Parravano. 12 For a 0.3% solution of
52,000 molecular weight polystyrene in benzene, Loconti and
Cahill observed a value of 0.027 for the distribution coef-
ficient at a freezing rate of 1.25 inches per hour. At a
freezing rate of 4.3 inches per hour the distribution coeffi-
cient was observed to be unity. Similarly, a decreased
redistribution of the solute species at higher zone traverse
rates was observed by Ruskin and Parravano for a dilute
solution of polystyrene in cyclohexane.
When zone traverse speeds are high the value of the
solute distribution coefficient will approach unity. At very
slow freezing rates the system approaches thermodynamic equi-
librium and the distribution coefficient approaches a minimum.
For a system containing two types of molecules in a solvent
there exists two distribution coefficients with respect to the
solvent. Consequently, one could expect to find an optimum
zone travel rate where the difference in the distribution
coefficients for the two species is a maximum. For a dilute
solution of a mixture of polystyrenes with molecular weights
of 52, 000 and 570,000 in benzene, Loconti and Cahill have
shown a freezing rate of from 1.25 to 2.25 inches per hour
to be the optimum. These values were obtained using normal
freezing techniques.
Using the data obtained by the above technique, Loconti
and Cahill then proceeded to fractionate by zone refining
a broadly distributed polystyrene (1-^ = 305,000). For this
7experiment a % polymer solution was placed in the first %
of the sample charge with the remainder of the charge being
pure solvent. Thus zone refining was really applied as a
chromatographic technique in which fractionation was achieved
as a result of differences in the migration distance of the
different species along the sample charge. After 10 passes
it was found that the low molecular weight polymer traveled
farthest with a molecular weight range of from 410,000 to
90,000 being established among the sample. This technique
has been named "zone chromatography" and has been examined
mathematically in papers by Reiss and Helfand1^ and Pfann. 1 ^
Total polymer concentration has been found to strongly
affect the distribution coefficient. For a molecular weight
of 100,000 Ruskin and Parravano found approximately a fivefold
difference in the distribution coefficient for initial con-
centrations of 0.19 gms/cc. and 0,56 gms/cc., with increasing
concentrations shifting the distribution coefficient toward
unity. Eldib attributed this type of behavior to the increased
viscosity of the system at higher solute concentrations during
his experiments with microcrystalline waxes.^ He resolved
this difficulty by mixing the material to be separated with
a solvent to form a gel-like mixture which he then submitted
to zone melting. This process has been given the name of
zone precipitation. By zone precipitating a series of gels
composed of different solvent to wax weight ratios, Eldib
was able to illustrate the effect of viscosity in the molten
szone on the separation achieved. The difference in melting
point between the top and bottom fractions, ATm , was used as
a measure of separation. AT
m values were found to range from
0° for a system composed of wax only, to a value of 28°C at
a 3/l solvent to wax weight ratio.
Another system where zone precipitation was shown to be
effective was in the fractionation of a 5 weight percent
solution of polypropylene (TIn = 330,000) in decalin. 1? A
zone traverse rate of between 1.5 and 2.0 inches per hour
for six passes resulted in a molecular weight range from
Mn 250,000 to Mn = 370,000. The fact that the upper value
of Mn after zone refining was found to be lower than the
initial value was attributed to thermal degradation of the
polymer during zone melting.
CHAPTER II
OBJECTIVE
9
The objective of this work was to fractionate a linear
polyrner in the bulk or in a highly concentrated solution.
Such a goal was felt to be reasonable in light of earlier
studies on polystyrene and the availability of better instru-
mentation. The selection of suitable polymer samples was
felt to be of primary importance in achieving the above
objective. Polyethylene glycols with molecular weights
several orders of magnitude lower than that of the poly-
styrenes^" studied earlier were selected as suitable candi-
dates for zone fractionation. In addition to their ready
availability in commercial quantities, these materials have
the added advantage of being available in a wide range of
molecular weights. Their narrow molecular weight distribu-
tions were also felt to be of some significance in achieving
the above objective,
The need for an efficient polymer fractionation technique
is readily apparent, especially with regards to production of
large amounts of narrow molecular weight fractions of a given
polymer. Present day fractionation techniques are either very
20
time consuming as is the case using fractional precipitation
or require highly complex equipment and sophisticated tech-
niques as associated with gel permeation chromatography.
Generally, such techniques require dilute polymer solutions
and, at best, yield only gram quantities of fractions.
10
With the availability of a multi-stage zone refiner
the time required to achieve a particular fractionation is
reduced markedly compared to a one or two stage instrument.
Combine this reduction in time with the relative ease of
operation and technique and zone melting has at least the
potential of being a highly efficient method of polymer
fractionation.
Rapid fractionation of large quantities of broadly dis-
tributed polymer would represent a useful step in preparative
polymer chemistry. The availability of monodisperse samples
for fundamental research would be most valuable.
11
CHAPTER III
EXPERIMENTAL PROCEDURE
Materials
Eight samples of polyethylene glycol with narrow mole-
cular weight distributions were obtained iron the Union
Carbide Corporation. These are commercial materials sold
under the trade name of Carbowax. 21 No further fractionation
or purification was felt necessary. The number-average mole-
cular weight of each sample was determined by vapor pressure
osmometry. The Carbowax samples and their number-average
molecular weights are listed in Table I. A distribution
curve of weight percent versus the number of ethylene oxide
units per molecule for PEG 400 has been presented by Fletcher
and Persinger based on a gas chromatography study. 22 This
curve illustrates the narrow molecular weight distribution
of this fraction.
Ethanol was selected as a solvent during a portion of
the zone melting experiments on the basis of its compatibility
with the Carbowaxes. In addition, it was found that a sixty
percent ethanol solution with Carbowax 20M was a solid at
room temperature allowing the zone melting to be carried out
without the use of special coolants or techniques. It was
also a simple matter to remove the e-chanol from the sample
with mild heat and vacuum.
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Apparatus
The zone refiner used for all experiments was the
Multizone I, horizontal type, manufactured by the Materials
Research Corporation, Orangeburg, N. Y. It was equipped to
handle a 9 mm outer diameter X 46 cm long Pyrex sample tube.
The instrument was composed of ten heating elements. Spacing
between zones was one inch and maximum zone travel was one
inch. Zone traverse speed was adjustable over a range of
0.1 inches per hour to 2.0 inches per hour. The Multizone
I was a reciprocating type zone refiner and was equipped to
return the sample rapidly at the end of each pass.
Control of the zone width was made possible by a combin-
ation of heater control, cooling water valves, and rotation
of the sample tube at a constant rate of 30 rpm. The heaters
were 0.020 inch Kanthal wire which could be controlled in-
dividually or as a unit. Tap water was used for cooling
between zones. The entire water flow could be controlled by
means of a constant pressure manifold or each of the cooling
rings could be adjusted individually. These rings are annular
devices which fit snugly around the sample tube providing
the necessary thermal contact. The zone refiner is illus-
trated in Figure VII.
Experimental Procedure
Bulk Syst ems . Two selected Carbowax samples were mixed
in the desired proportion by heating slightly above the melt-
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ing point and stirring the resulting solution for approx-
imately fifteen seconds. While molten, the solution was
slowly poured into a sample tube sealed at one end with a
silicone rubber plug. Immersion in a cold water bath for
a minimum of ten minutes allowed the polymer to crystallize
thoroughly. This quick freezing procedure had the added
advantage of trapping a small amount of air in the system
allowing for thermal expansion of the polymer and eliminating
tube breakage. The open end of the tube was similarly sealed
with a silicone rubber plug.
Initially, zone traverse speed was set at 0.1 inch per
hour and heating and cooling rates were adjusted in order to
maintain a zone width of approximately 0.35 inches. After
achieving the proper zone width, zone traverse speed was set
at the desired level. After the required number of passes
the sample tube was removed from the zone refiner and cut
into ten one-inch sections for analysis. Each section
corresponds to the distance covered by a single heater.
Polymer-solvent systems . After heating and stirring
the desired Carbowax samples ethanol was added to the molten
polymer. The sample tube was then filled in a manner similar
to that used for the bulk systems. The sample had to be
frozen quickly to prevent any serious ethanol evaporation.
This was accomplished by quenching in a cold water bath.
Since only the middle ten inches of the sample tube were
zone melted, approximately four inches of the polymer-solvent
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mixture remained on each end of the sample and prevented
diffusion out of the sample. Both ends of the tube were
also capped with rubber plugs. Zone melting then proceeded
in a manner analogous to that used for the bulk systems.
Upon completion of zone melting the sample tube wag cut
into ten one-inch sections. The contents of each section was
immediately weighed and then placed in a vacuum oven at
approximately 55 °C for a minimum of six hours to remove all
of the ethanol from the sample. The sample was then re-
weighed and the ethanol concentration in each section of the
tube at the conclusion of zone melting was determined.
Analysis
Number-average molecular weights were obtained on all
samples using a Model 115, Hitachi Perkin Elmer, Vapor
Pressure Osmometer. Calibration of the instrument was
carried out with a cell temperature of 33.5 °C using Carbo-
wax 400 dissolved in methanol. The number-average molecular
weight was then calculated using the equation:
1) Mn «= K/(AR/c) c^0
where K is the calibration constant, AR is the change in
resistance, and c is the concentration in grams per liter.
In analyzing the zone melted samples, sections one and
ten were omitted due to the possibility of contamination
with the material just outside of these sections. The
15
direction of movement of the molten zones was from right to
left and the sections to be analyzed were numbered from one
through t*n consecutively starting at the right.
16
CHAPTER IV
EXPERIMENTAL RESULTS
Bulk System
The data obtained by zone melting various mixtures of
Carbowax 4000 and Carbowax 1000 at speeds ranging from 0.20
to 1.50 inches per hour are presented in Table II. For
purpose of analysis, the separation ratio, S, is defined as
the concentration of low-weight component in zone 2 divided
by the concentration of low-weight component in zone 9. Thus,
a separation ratio of unity corresponds to no separation
whereas a value of infinity corresponds to complete separation.
As illustrated in Table II, the separation ratio is very
close to unity regardless of the conditions used. The fact
that no separation was achieved for these systems is attri-
buted to the high viscosity of the samples in the bulk.
Other factors such as possible association between chain
terminating hydroxyl groups may have been responsible for
the lack of separation.
Table III illustrates the results obtained for a sample
composed of approximately 10 weight percent of Carbowax ZOK
in Carbowax 1000. The separation ratios are again near unity
indication the lack of separation in this system.
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Polymer-Solvent System
Successful zone melting depends upon the transfer of
material across the solid-liquid interface of the molten
zone. As a result, the mobility of the molecules in the
molten zone is instrumental in determining the separation
achieved. Since the mobility of the molecules decreases
with increasing viscosity, it is expected that viscosity
will greatly affect the results of zone melting. That this
is so may be illustrated by the separation achieved with
various concentrations of a mixture of Carbowax 200 and
Carbowax 201" in ethanol. For a 0.11 weight ratio of Carbo-
wax 200 to Carbowax 2QM in the bulk, no separation occured.
For the solvent system, the separation ratio, S, is defined
as the ratio of the final concentration of the low-weight
component in zone 2 to that of zone 9. The separation ratio
is analogous to that used for bulk systems. For the above
conditions, S, is equal to unity. With k% ethanol as
diluent and the same weight ratio of components, the value
of S rose to 2. OS. At a 60^ ethanol concentration, S was
found to be 3.32. These values were obtained at a zone
traverse speed of 0.2"/h°ur for ten passes and are indicative
of the strong dependence of the separation ratio on the
viscosity of the system.
. Figure I illustrates the improved separation obtained
at a zone travel rate of 0.2
,T/hour over that obtained at a
u
rate of O.V/hour for a system composed of 60% ethanol and
various weight ratios of C-200 to C-20M. The improvement in
separation obtained by lowering the rate of zone travel ia not
as great as that obtained by decreasing the weight ratio of
Carbowax 200. Decreasing the rate of zone travel signifi-
cantly increases the separation ratio only when the weight
ratio of the two components is small as illustrated in
Figure IT. For example, at a weight ratio of 0.02, decreasing
the zone traverse speed from O./^'/hour to 0.2"/hour increased
the separation ratio by a factor of 3.6, whereas, at a weight
ratio of 0.11, a similar change In zone traverse rate in-
creased the separation ratio by a factor of 1.5. Table IV
illustrates the dependence of the separation ratio on the
weight fraction of Carbowax 200.
One of the major advantages of zone melting in general,
is its ability to perform many recrystallizations simply by
repeating the procedure for as many passes as desired.
Figure III illustrates the effect of the number of passes for
an initial concentration of Carbowax 200 equal to h,V?o of the
total polymer concentration in 60$ ethanol with a zone travel
rate of 0.2"/nour. The direction of migration of the Carbo-
wax 200 is indicated by the increased concentration of zone
2 and the decreased concentration in zone 9. As the number
of passes increases, zone 2 is increasingly enriched with
the low-weight component, although the rate of enrichment is
decreasing. The curve for zone h undergoes a maximum in the
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neighborhood of 10 passes indicating that initially this zone
is enriched with Carbowax 200 but will eventually be depleted
of all low-weight material. A similar maximum would be ex-
pected for zones 2 through zone 5.
A plot of the separation ratio versus the number of pass-
es of the molten zone is presented in Figure IV. An expo-
nential increase in the separation ratio was noted over the
range of from one to thirteen passes for a weight ratio of
Carbowax 200 to Carbowax 2QM of 0.042 in 60% ethanol.
Since separation ratios are functions of the zone traverse
speed and the number of passes it is reasonable to expect an
optimum condition with regard to the zone travel rate and the
number of passes for a given time period. Figure V illus-
trates the optimum separation ratio for a constant time
period of 25 hours for a 0.042 weight ratio of Carbowax 200
to Carbowax 20M in 60% ethanol.
20
CHAPTER V
DISCUSSION
The viscosity of the molten zone is instrumental in
determining the extent os separation. As the molten zone
slowly traverses the sample charge, a concentration gradient
of the component being displaced would be expected to occur
across the width of the zone. For zone melting to be effective
this excess of material causing the concentration gradient
must be transported away from the interface. Mixing in the
molten zone can usually be accomplished by rotating the sample
tube for materials of low viscosity. With more viscous
materials mixing is harder to achieve and concentration gradi-
ents are more likely to occur. Since the mobility of the
molecules are highly dependent on the viscosity, longer times
will be required for the molecules to move away from the
interface as the viscosity of the system increases. There
is also the possibility of chain entanglements decreasing the
mobility of the system with polymeric materials. The hydroxyl
end groups on the PEG chains represent another potential
cause of decreased mobility in the molten zone due to the
possibility of association between chains and the solvent.
The fact that no separation was achieved for the bulk
polymer systems can be attributed to the highly viscous nature
of the molten zone. As the viscosity of the sample was re-
duced by the addition of ethanol, the separation ratio increased
21
substantially. Solutions containing up to approximately 70$
ethanol were solids at room temperature. Special zone molt-
ing techniques requiring sub-ambient temperatures, would have
been required for higher ethanol concentrations. As a result
of these facts nearly all experiment were carried out with a
60% ethanol concentration at room temperature. The final
ethanol concentration for each section along the sample was
measured and found to be reasonably uniform. Figure VI
presents typical plots of the ethanol concentration along
the sample.
Zone melting of the Carbowax 200/Carbowax 20M mixture in
ethanol resulted in a redistribution of che Carbowax 200 in a
direction opposite the direction of movement of the molten
zone. If the mechanism for separation was zone precipitation
as used by I^ldib?^ redistribution of the Carbowax 200 would
have been expected to be in the direction of the molten zones
since the solubility of the low-weight component would be
greater than that of the high-weight component. Ruskin and
Parravano have also observed an accumulation of the low-weight
species in a direction opposite the direction of the molten
zone during zone melting experiments with polystyrene in
cyclohexane at a speed of 4.33 cm/hour. 2Zf At lower speeds
they reported a reversal in this trend.
In zone melting a multi-component system, the fraction-
ation achieved is dependent on the distribution coefficient
of each species with respect to the diluent. Thus, for the
22
system containing two Carbowax fractions and sthanol, two
distribution coefficients govern the separation process and
the extent of separation is dependent on the ratio of these
distribution coefficients.
One of the more interesting results of this work is that
the weight ratio of Carbowax 200 to Carbowax 20M had as great
an effect on the separation achieved as did a decrease in
the zone travel rate. As the weight ratio of components de-
creased the importance of the zone travel rate increased as
illustrated in Figure II, The success of zone fractionation
is dependent on the transfer of material across the solid-
liquid interface. As a result, zone melting inherently works
best at low concentrations. As the weight ratio of Carbowax
200 to Carbowax 201! was reduced, a proportionately smaller
amount of material had to be transported to achieve the de-
sired separation. The same effect would be expected at low
weight ratios of Carbowax 2QM to Carbowax 200. It is probably
the limitation imposed on the system by the transfer of mass
across the solid-liquid interface that is primarily responsible
for the separation achieved. Specific properties of the system
such as viscosity, polymer chain entanglements, and end group
association are in turn responsible for the mass transfer
efficiency. In regards to the data of Figure II it is believed
that at high weight ratios of Carbowax 200, mass transfer
efficiency for the Carbowax 20M was nearly zero whereas that
for the Carbowax 200 was also very low. Low transfer efficiency
23
of the Carbowax 200 most likely resulted in large concentration
gradients of the low-weight component in the molten zone and
thereby minimized the effect of zone traverse speed. At lower
weight ratios, transfer efficiencies increase and zone traverse
speed becomes critical.
The fact that an optimum zone traverse speed was found as
illustrated in Figure V is not surprising. Although the separ-
ation ratio increases with decreasing zone traverse speed, it
also increases with the number of passes. The effect of the
number of passes is comparable to the effect of decreasing
zone speed. For example, in Table IV, doubling the zone travel
rate for a C-200/C-20M weight ratio of 0.042 lowered the
separation ratio to approximately half its original value.
A similar result is seen in Figure IV by decreasing the number
of passes from six to three.
24
CHAPTER VI
CONCLUSION
The experimental data obtained has raised some question
as to the mechanism responsible for the separation achieved.
Possible fractionation mechanisms suggested in earlier papers
include zone precipitation, fractionation as a result of
thermal diffusion, and fractionation due to polymer chain
entanglements. 2^ 2^ None of the above mechanisms seem
applicable to this particular separation in view of the
results obtained. Since the direction of movement of the
Carbowax 200 was opposite the movement of the molten zones
a different mechanism is suggested.
A possible mechanism of separation accounting for the
direction of movement of the low-weight component would be
that the Carbowax 20M and the ethanol combined to form a
single system independent of the Carbowax 200. The phase
diagram would then be essentially a two component system of
Carbowax 20M and ethanol and the Carbowax 200 with the addition
of Carbowax 200 raising the freezing point of the solution.
Such a phase diagram would predict migration of the low-weight
solute in a direction similar to that experimentally deter-
mined.
Another possibility is that the migration of Carbowax 2QM
was completely limited due to the large amount of mass to be
transferred, whereas that of the Carbowax 200 was not greater
25
than approximately % by weight. As the concentration of
Carbowax 200 decreased, greater separation was achieved. As
the concentration of Carbowax 2QM was reduced it would also
be expected to migrate in a direction similar to that of the
Carbowax 200. Such conditions would closly resemble zone
chromatography.
Other factors which could be responsible for the separatior
achieved or the lack of separation include the effects of
hydrogen bonding and polymer conformation in solution. The
hydroxyl end groups of the polyethylene glycols may have been
responsible for strong hydrogen bonding with ethanol for the
low-weight component, with a lesser extent of bonding between
molecules of ethanol and the high-weight component. Other
intra-molecular forces may have been responsible together
with end group association to create a chain conformation
of The Carbowax 201-1 which was highly entangled. Such entangle-
ments could be responsible for limiting migration of the
higher molecular weight component.
LeGrand and Gaines have shown that the presence of
hydroxyl end groups on the polyethylene glycols are sufficient
to cause some unusual solution behavior during their measure-
ments of surface tension of various polymers. 2 *'' The surface
tension of methoxy- and acetoxy-terminated polyethylene
oxides were measured as a function of molecular weight and
found to be linear in M"2^. Hydroxy terminated poly-
ethylene glycols showed no surface tension dependence on
mo1e cular we ight <.
26
Future experiment s might be carried out to investigate
the effect of various other solvent systems on separation
ratios. One possibility might be to determine separation
ratios as a function of type of solvent over a range of
solubility parameters. The effect of the hydroxy1 end group
should not be overlooked. An experiment in which these end
groups might be replaced with a different end group by
acetylation or by the formation of trimethylsilyl groups,
as used by Fletcher and Persinger in gas chromatography,
might prove valuable.
Although the separations achieved were not as successful
as hoped, there is some indication that the technique of
zone fractionation might prove useful in specific applications.
One possibility might be the removal of undesirable oligimers
from polymer systems.
27
Table I
Number Average T'olecular Weights Of Carboy/ax Samples
Determined By Vapor Pressure Osmometry
Standard
Sample Folecular Weight Deviation
Carbowax 200 240 i 10
Carbowax 1+00' 395 + 0
Carbowax 600 590 t 30
Carbowax 1000 9S0 ± 60
Carbov;ax 1540 1310 ± 95
Carbowax 4000 3150 ± 160
Carbowax 6000 6500 ± 210
Carbowax 20-M 9000 . ± 350
* Carbowax 400 was
calibrating the
used as a reference
Osmometer.
material in
2g
Table II
Zone Felting Parameters and Results Obtained For
Mixtures Of Carbov/ax 4000 and Carbowax 1000
Number Average
V/eight % Speed Of Number Of Molecular Weight
C-4QQ0 Zone("/hr) Passes InitiaFZone-2 Zone-lT~Zone~9" S
59. 8 1.50 32 1693 1733 17^7 176v 5 0.97
60,0 1.00 24 1750 1710 1633 1670 1.02
60.0 0.60 12 1743 1773 1^25
30.0 0.60 3 231^ 24^2 23^7 2467 1.01
S.4 0.20 3 1212 1253 1235 1263 0,99
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Table III
Zone belting' Parameters and Results Obtained For
Fixtures Of Carbowax 20-M and Carbov/ax 1000
Number Average
Weight % Speed Of Number Of Fole ^ular V/eight
C-20M Zone("/hr) Passes TnTtiaT~Zone-2 Zone-fr Zone-9 S
10.0 0.10 4 1210 1105 1140- 1203 1.00
10.0 0.10 8 1214 1235 117S 1292 0,96
9.1 0.40 4 1013 9^9 990 1015 0.93
10.0 0.40 42 117^ 1126 109S 1122 1.00
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Tabl e IV
Dependence, Of The S eparation Ratio On The
Weight Ratio Of Carbowax 200 To Carbowax 20-M
In 60% Ethanol
mm • y n . Separation Ratio (S)Weight Ratio Of ~^L.
C-200/C-20-M 0,27hour Q.4w/hour
0.010 00
°-020 47.00 13.00
0-042 13.50 5.66
0.064 6.67 3.64
0.111 3.03 2.O5
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APPENDIX
THIN-LAYER CHROMATOGRAPHY OF POLYETHYLENE GLYCOLS
The literature cites the work of many investigators
with regard to the molecular weight determination of various
proteins by chromatographic techniques. 1 Other work has shown
a linear dependence of migration distance on the number of
solute carbon atoms for the adsorption of uneubstituted aromatic
hydrocarbons on alumina and silica. 2
Application of Thin-Layer Chromatography to the determi-
nation or separation of a molecular weight species in a
polymeric solution would demand the existence of a dependence
between migration rate and molecular weight. In attempting
to determine the presence of a low molecular weight polyethylene
glycol in a solution containing both high and low weight species,
it was felt that this technique might be valuable.
Experimental Procedure
Determination of Low-Weight T-'aterial in Solution .
Twenty centimeter glass plates were coated with a 0.3 mm
layer of silica gel and then heated gently for a period of
four hours. A sample containing a x^eight ratio of Carbowax
200 to Carbowax 20-M of 0.042 was dissolved in a 9^ ethanol
solution and spotted on the plate in approximately 50 micro-
liter amounts. The solvent was allowed to evaporate before
the sample plate was immersed in the developing tank.
Development time was generally 2 hours, although a few samples
had development times as long as 4 hours. Solvent systems used
for developing were solutions of Methanol and Water ranging
from 100$ MeOH to 50$ MeOH,
Determination of Rr Value as a Function of MR . The same
experimental procedure with regard to sample spotting and
plate preparation was used for this set of experiments.
Polyethylene glycols ranging in molecular weight from 200 to
9000 as listed in Table I were dissolved in ethanol. Sample
concentrations were of the order of 1 to 5 percent Carbowax.
Developing time was varied from 20 to 30 minutes with the
following solutions used for developing the sample plates:
a. 100$ Ethanol
b. 90$ MeOH + 10$ V/ater
c. S0$ MeOH + 20$ V/ater
d. 75% MeOH + 25$ Water
e. 75$ MeOH + 25$ 0.1 M NaOH
f
. 75$ MeOH + 20$ V/ater + 5$ glaciil acetic acid
Resu.lts and Discussion
Determination of Low height Material in Solution
. Although
sample spots migrated along the plate for each of the solvent
systems, there was no evidence of any separation of the Carbowax
200 from the Carbowax 20-M, This may be a result of strong
inter-molecular forces between the individual molecules of
Carbowax 200 and Carbowax 20-M. Hydrogen bonding would be a
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strong possibility since the ends of the polyethylene glycol
consist of hydroxy1 groups. Otocka and Hellman have indicated
that the covering of spots by the other fraction may be re-
sponsible for preventing separation.
3
Determination of Rf Value as a Function of .K Rf values
are defined as the ratio of the migration distance of the sample
to the migration distance of the developing solvent. Of the
developing systems listed in the procedure the one composed of
1% MeOH and 25$ 0.1M NaOH was found to be the most effective
in terms of the distance traveled per hour for the Carbowax
samples. This solution was therefore used exclusively in the
determination of Rf values for the Carbowaxes. After develop-
ing, the sample spots were displaced and elongated in the
direction of solvent migration somewhat similar to the shape
of a candle flame.
A series of experiments were run in which the developing
time was varied from 20 to SO minutes. Plots of Rf versus
time for the various samples were constructed as indicated in
Figure I. Since the sample spot was elongated during develop-
ing, its displacement was measured from the midpoint of the
spot. Rf values were calculated accordingly. Over the range
of time investigated R^. values were found to be independent
of time. As a result, values of R , obtained for different
developing times were averaged. These values including their
standard deviations are presented in Tables I and II. The
standard deviations obtained in this manner are consistent
for Rf-value determinations with those in the literature.
^
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A plot of Rf versus the logarithm of number-average
molecular weight is presented in Figure II. It is interesting
to note the transition which occurs in the Rf value corre-
sponding zo a molecular weight of approximately 1000. Since
Thin-Layer Chromatography is governed by and adsorption process
the number of sites in a molecular available for bonding to the
silica layer would determine its Rf value. As the number of
chain units of the molecular weight of the Carbowaxes increases
there is a proportionate increase in the number of ether linka^
in the chain and more sites available for bonding to the silica
layer. If the Rf value is a function of the number of bonding
sites available in the chain, then a smooth-curve relationship
would be expected between Rf value and molecular weight. That
this type of relationship was not found is believed to be the
result of some conformational change in the polymer molecule.
The beginning of the transition is very likely the molecular
weight at which the molecule in solution changes from a rod-
like conformation to random coil. Elias and Lys, in studying
solution behavior in polyethylene glycols in methanol, has
observed a similar inflection in a curve of 1/ (M) l/2 versus
the second virial coefficient . 5 They attribute this obser-
vation to the formation of a partial helix when using methanol
as solvent. With water as solvent this behavior is not seen.
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Conclusion
Although separation of different molecular weight
fractions of polyethylene glycols -/as not possible with the
solvent systems used in this work, the data obtained indicate
that Thin-layer Chromatography may be a useful method for
gaining certain structural insights into the conformational
properties of polymers in solution. The brief amount of data
presented herein leave many avenues open for future exploration
Among these are the exploration of other solvent systems for
the Carbowaxes and other polymeric systems, and the effects of
polar and non-polar solvents, hydrogen bonding, and polymer-
solvent interaction on the Rf values obtained. Detailed
investigations in these areas might eventually produce a
calibration curve which could be used with thin-layer
chromatography as a single point method for "molecular weight
determinations.
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TABLE I
Time Dependence Of Values
Rf Values In Kinutes
Component 20 30 40 50 65 50
C-200
If
0.537
0.505
0.562
0.547
0.644
O.6O3
0.554
0.595
0.555
0.570
0.57S
0.575
C-400
mm
IT
0.444
0.447
O.505
0.5H
0.535
0.523
0.494
0.535
O.459
0.495
0.455
0.457
C-600
TT
0.444
0.445
0.505
O.476
0.527
0.520
0.476
0.525
0.459
0.491
0.450
0.452
C-1000
mm
TT
0.444
/~v ftp"0.445
O.457
O.4S4
0.500
0.460
0.453
0.500
0.455
0.449
0.453
O.46I
C-1540
IT
0.405
0.414
0.455
0.436
0.445
0.400
0.405
0.437
0.4-15
O.407
0.4H
0.419
C-4000
TT
0.296
vj • <c ^ u
O.236 0.275
y * (
0.262 0.254
U(X1U
0.195
0 1 Q7u . ±y (
C-6000
tt
0.167
0.13^
0.145
0.123
0.175
0.120
0.191
0.150
0.052
0.052
0.112
0.056
i
C-20M
tt
0.052
0.065
0.055
0.091
0.075
0.050
0.107
0.055
0.047
0.043
0.062
0.055
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TABLE II
-Values As A_ Function Of Molecular We ight
Sample
Numoer Average
Molecular Weight
C-200 240 0.572 ± O.O34
C-400 395 0 497 t 0.030
C-600 590 O.489 £ 0.028
c-iooo 920 O.466 t 0.023
c-1540 1310 0.422 t 0.018
c-4000 3150 0.243 i 0.033
c-6000 6500 0.131 $ 0.034
C-20M 9000 0.073 i 0.021
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FIGURE I
TIME DEPENDENCE OF RF VALUES
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